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ABSTRACT 


The reaction ’Li(d,na)a was investigated in search of n-a 
proximity scattering at incident deuteron energies between 1.90 
and 2.10 MeV. The previously reported effects attributed to 
rescattering following the formation of the resonance state at 
16.63 MeV in ®Be* are not observed. Strong lines due to randoms 
were seen in the vicinity of the proximity scattering positions 
on the kinematic locus. Data werefitted well with the Breit- 
Wigner line shape plus a linear background. Conditions affecting 
the observation of such a rescattering are discussed. 

Another reaction, !*C(d,np)!*C, was studied to look for 
conclusive evidence of the existence of proximity scattering 
between the first emitted neutron and a proton emitted from the 
decaying 3.5 MeV doublet in '°N*. The data at incident deuteron 
energies EY = 5.2, 5.4 and 5.75 MeV and EY =557 1,85 scOeandso.4 
MeV at two different sets of angles very clearly show the energy 
dependence of the proximity scattering. The data taken at 6.25 
MeV, where rescattering is kinematically disallowed, show no 
enhancement, as expected. The data taken at EY = 5.4 and angle 


setting Geis athe np = 35° also supports the theoretical 


Is) 
p 
predictions made by Aitchison and Kacser. The data at EY = 5.4 
MeV do not give a good fit with a Breit-Wigner line shape plus 
n-p final state interaction and it has been concluded that the 


singlet and triplet states of the deuteron do not contribute 
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Significantly to the observed rescattering enhancement. 
In the *®Si(d,np)?°Si reaction, no meaningful estimate of the 
contribution due to proximity scattering could be made because of 


the interfe ring sequential decays. 
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CHAPTER 1 
INTRODUCTION 


The study of reactions with three or more particles in the 
final state, where there are two-body resonances accessible for 
one or more pairs of particles, are of fundamental importance to 
understand two-body forces in the presence or vicinity of a third 
particle. Such reactions have often been used to study particle- 
unstable states and can be described by mechanisms like quasi-free 
scattering, final state interactions and processes in which two of 
the three particles proceed as a resonance. These, along with 
Simultaneous breakup which mainly gives the "background", will 
contribute to the yield at various places along the kinematic 
locus. 

Under special circumstances, a particle emitted from a decay- 
ing intermediate resonance can rescatter with the third particle 
giving rise to an enhancement in the amplitude which may not be 
insignificant. Such a process was termed "Proximity Scattering" 
by Fox!), who considered, in a static limit, this second order 
effect in an effort to determine very short lifetimes of the 
states in the particle unstable resonances. Classically, two 
conditions must be satisfied for Proximity Scattering to take 
place, namely, the two rescattering particles should be emitted 


parallel to each other in the overall center-of-mass system and 
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the particle emitted later should have a greater velocity. 

Following the methods applied in fundamental particle physics, 
a quantum mechanical treatment consisting of essentially the 
evaluation of Feynman diagrams has been applied by Schnitzer?) and 
Duck?). In particular, Aitchison and Kacser*~®) have given a 
complete theoretical formalism of rescattering. They derived the 
kinematic conditions for proximity scattering, both relativistically 
and in the non-relativistic limit. The detailed theoretical dis- 
cussion is given in Chapter 2. 

Since proximity scattering effects are the necessary consequence 
of the existing ideas about final state interaction theory, their 
verification (or lack of the same) is of basic importance. Predic- 
tions of observable rescattering in low energy nuclear reactions, 
soon stimulated experimental searches and rescattering enhancements 
have been reported in (d,np) reactions on !7C°) and *°Ca!®). Both 
of these reactions were studied at a single incident energy only. 
Enhancement due to proximity scattering occurs at a low relative p-n 
energy very close to the energy of the T = 1 resonance in the n-p 
system. Although the formation of a singlet-deuteron is isospin- 
forbidden, it was suggested by Phillips+!-**) that an admixture of 
T = 0 and T = 1 could also explain such bumps. Similar isospin 
mixing in the compound '*N system has been used to explain the 
large cross sections observed for the 1*C(d,a)!°B (1.74 MeV, T = 1) 
reaction at incident deuteron energies from 6 to 21 MeV.°°). 


More recently, the reaction Li+d-+>a +a +n has been 
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examined for evidence of rescattering between the neutron and an 
alpha particle emitted by the resonant ®Be system. The first 
report, by Valkovic et al.**) was of measurements made above 3.0 
MeV bombarding energy in which they could find no evidence of a 
rescattering enhancement. Later results!*?) for the same reaction 
at incident energies between 2.07 and 2.12 MeV did, however, 
appear to show a very clear effect. In view of the implications 
which strong rescattering effects in this reaction may have on 
many other analyses, further verification of n-o proximity scatter- 
ing in the 7Li + d'*) reaction was undertaken as a part of the 
present research. The present data have failed to confirm the 
rescattering enhancement reported by Thiévent et al.’*). Sweeney 
et altag) also did not find any evidence of proximity scattering 
in this reaction. Further discussion continues in Chapter 4. 

As the observance of proximity scattering has not yet been 
conclusively established, this was a strong motivation for the 
present work to further study the rescattering effects in the 
12¢(d,np)?2C reaction at a number of bombarding energies under 
improved conditions. The present data show a clear energy depen- 
dence of proximity scattering in this reaction. Although the 
formation of isospin-forbidden singlet deuteron is highly 
improbable in this reaction, the data have been taken at the 
angle settings where the effect of final state interactions is 
considerably reduced. Also, some of the data were fitted with a 


Breit-Wigner line shape plus an admixture of singlet and triplet 
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states of the deuteron. The results of this work tend to support 
the belief that the final state interactions do not appreciably 
contribute to the observed proximity scattering enhancement. The 
results of the present work were submitted to the International 
Conference of Few Particle Problems in Nuclear Physics°’), UCLA, 
1972; and have also been submitted to Nuclear Physics°®) for 
publication. Another report by Gemmeke et al.°°’) presented to the 
above conference also supported our results. However, they put an 
upper limit of 15% on the singlet deuteron contribution to the 
observed enhancement, which is quite high as compared to the ~ 3% 
effect proposed On the basis of the present calculations. The 
detailed discussion Of this reaction is given in section 4.2. 

The experimental apparatus and procedures are described in 
Chapter 3. The singularities of the triangle graphs, as discussed 


811) also have applications to higher 


by Aitchison and Kacser 
resonances in Elementary Particle Physics. Such possible applica- 
tions are discussed in Chapter 5. Finally, Chapter 6 contains the 


conclusions of the present study. 


a and - 

a at ' . 7 Hy, TL, heh 
sHoqque of brat aOw ei Yo etfuenn onT Lnoratush oitt Yo 2 
yfdstoerqqs ton ob. anokvoevedat stage Font? ont done ase 

oT ,3nameonsiivs enitssssoe ytimixorg bevisedo oy OF studtydnes: 
Isnotteniaini ot of bestimdye svaw Ayow angeon ‘eit to etiuest 
AJWU . (Seated 4salauh nt 2mefdor4 afotiys4 wed to Sans VOTNGD - 
vor (S*20Feydd veslaun oF baltimdye nesd o2ts oved bis :Sver 
oft ot beinseerg (°*.fs to sdsmmsd yd Jyogey yattonA .sofrsoriduq 
nis tuq yort .yevewoH .2sfuzey wo basrogque o2ls sonsisties svods 
edt of nottudtytiod novetusb solente alt no kel to stmt! veqqu — 
ve - oft of bovsqmos 26 dptd ostup ef dotdw .drameonsdie bavisado | 
eAT .2enottsluofso tnezeyq aft to 2tesd ent 10 beeogorg tsstte 
-§.8 nottose ni mavip ef fotiosey etid Yo notegusetb beftsts> 
nt badivoesb ox 2o57ubso0%g bns eussysqqs letnamiveqxs oAT 
bezavaeth 26 .edqsyp slonsryd ald To sor$tastupite ent .€ yosqsny a 
yeilpid ot enoftsotiqqs svsi oats (7.846026 bas soetdatrA aa 7 
-sotlaqs afdteeog dove .eateydd sfoftys9 yrstnsmefs nf nnn 
oft anistnos 3 yetqedd .yifenta .2 yatgand nt bozeuoeth 916 enort 


a 


.Ybus2 Snseexg oiit to enofaufor il 
- —— 


CHAPTER 2 
THEORY OF REACTION MECHANISMS 


The present study is based upon Aitchison and Kacser's forma- 
lism of "proximity scattering". Before a proper understanding of 
this formulism can be attained, it is rather appropriate to 
discuss various reaction mechanisms which are applied to explain, 
in general, the reactions with three particles in the final state. 
Such processes, as described below, can be represented by the 


Feynman graphs shown in fig. 1. 


2.1 Simultaneous Break-up 


This process is shown in fig. la. Here the events are 
randomly distributed in phase space without any preference for a 
particular position on the three-body kinematic locus. 

Time dependent perturbation theory gives the following tran- 
sition probability for a given reaction !”) 
| 2 


w= 2m 


A Pr Fae 


where M is the matrix element of the perturbation Hamiltonian 
between initial and final states and Pr is the density of 
final states available to the reaction. If \M|° has no strong 


energy dependence, then IM}? may be approximated with a constant 
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Figure 1] Feynman graphs for a) simultaneous breakup; b) quasi- 
free process; c) sequential decay; d) ‘direct’ 
interaction plus f.s.i.; and e) sequential decay plus 
proximity scattering. 


and the cross section simply follows the phase-space. According 
to S-matrix theory, [M|? is a superposition of many Feynman 
diagrams. If there are no nearby poles, then no particular 
diagram will dominate and in the sum over many diagrams any rapid 
variation with energy will tend to cancel, leaving once again a 
constant matrix element. Thus the simultaneous break-up process 
is characterized by a constant matrix element in the transition 
probability. Experimentally, this normally represents the general 


background. 


2.2 Quasifree Process 


Cross-sections for reactions with two outgoing particles depend 
on two independent variables only, namely the centre-of-mass energy 
and angle; whereas in the three outgoing particles case it depends 
on three vector momenta with nine components, four of which can be 
eliminated by considerations of energy and momentum conservation. 
Thus we are left with five independent variables. One possible 
choice of these variables could be the total energy in the centre 
of mass system, three centre-of-mass angles specifying the directions 
of two outgoing particles with respect to each other and with respect 
to the beam axis, and the centre-of-mass energy of one outgoing 
particle. However, it is advantageous to choose as independent 
kinematic variables the squares of the velocity differences 
(V; -¥5)?, which are both scalars and Galilean invariants and may 


thus be evaluated in any inertial frame of reference. 
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When i is an incoming particle and j an outgoing one, 


mm. (¥,-¥,)° is within a constant mass term, equal to the 


square of the four-momentum transfer between particles ji and 

j. Experimental knowledge reveals that in three-particle reactions 
if the incoming particle interacts with only one constituent of 

the other incoming particle, the intensity maximum may be observed 
at a particular value of a momentum transfer variable. This is 
most likely to happen when the constituent is light and weakly 
bound so that it is often encountered far out in the periphery 

of the nucleus or some nuclear core. Such a process is, therefore, 
called peripheral or quasifree. 

When the inttial relative energy of the projectile and target 
is large compared to the binding energy of some of their constitu- 
ents, one may neglect the binding energy and treat the collision 
as quasifree. Looking at fig. 1b, which is a Feynman diagram for 
a quasifree process, the most general peripheral process can be 
described as a two-body collision of the projectile b with either 
the particle t" or the core t' such that the target is broken up. 
The struck constituent of the target interacts with the projectile 
to give the final particles 1 and 2, while the other constituent 
of the target is only slightly affected and thus emerges with 
small laboratory momentum as particle 3. 

Such a process can be computed in the PWBA, where all particles 
are treated as free, except for the initial bound state b, which 


is described by a bound state wave function (Fes - Fyn). The 


v 


200 pntopiuo mst bis sfotivsq patmoont np 2t f - 
ait of Taupo .artet 22m tnstenoo 6 nfdgtw et “t co Hm 
bas t esfottysq nsswied Ystensit mous rgmom-u0t eit a aveupe 
anottosay Sfotiisq-se1s nf tends 2fsevex spbefwons fetnemriaaxs «Eb 
to insusftenos sno yfno nttw etosistnt sfotiveq pntmoont ont Tt 
bevis2do od yem muntxem yttznetnt sf3 .sfotsysq ontmoont isito ag 
st til .ofdstasy vet2neyd mutremon 5 to sufev isiwots1sg 6 $6 
ylisew bis tdptfh ef Insutttenos ont nadw neqqen oF yfastt seom 
yranqiieq add nt suo Wet bevainuoons nstto zt $f teat oe braved 
gyotetont .2t 22901g 5 fou2 .ot0o Ysefaun smoz To euefoun gilt to 
-govtizeup to favedgqiveq betisa — 

tepist bas sfitostorg sid to yprens ovttsisy Tstimir sit nodW 
.ytitenoa ated to emo2 to ypyans entbatd sad ot beysqmeo spis! ef 
notetifoo ant ssexF bas yprsns ontbatd ans tosfpsn vem oro _2tn9 
1ot meypetb namnyed 6 2f dotdw -dl .pit 36 enfiool .savthesup 26 
9d 6) 229001q Tsisrgiveq fsvsnop tzom std -2e9907q setthesup 8 
sortie dtitw d ofttostorq ald to aoteti foo’ ybod-owt 6 26 bedivoeeb 
qu ngdoid 2f tepyst of3 ded dove ‘t evoo sft vo “t sfotinsq dt 
alttostorg odd ddiw etosvatnt sapiet ond to. dnautitenoo Aouyse AT 
snsutitenos tedto ont aftiw.S bos [ esforiysq fenft add ovip of 
Asitw 2apysns eudt bos betostts yisdptie ylno et tepy63 edt to 
£ slotiisq 26 mustnsnom yiossxods! [lsme 

zefotirsq [is svodw ,AGW9 of3 nf besuqmoD 9d nso 2e500%q 5 Aoue 
dotdw ~d stss2 bauod Isttint sat sot Sqeox9 .ss1t 26 basset 916 
odT .(u,¥- 1,7) nottonut evew stsd2 bnuod ® yd bedtyoesb et 


matrix element will be the product of two factors, one for each 
vertex. The lower vertex yields a form factor which is the 
Fourier transform of the initial bound state wave function, the 
momentum variable of this transform being the momentum transferred 
during the collision to t'. In the laboratory system where the 
initial velocity of t is zero, this momentum transfer is just 


D3 and the Fourier transform is 


vps) = | exp (iBs-%) w(R) ok [2.2] 


The upper vertex yields the Born-Approximation amplitude for the 
reaction b+ t" + 1+ 2. One may improve upon this calculation 
by inserting at this point the exact two-body collision amplitude 
instead of the Born amplitude. For practical calculations, it is, 
at this stage, simplest to forget about the binding of the 

struck particle and assume a two-body collision. This procedure 
is known as the "Peripheral Model" or the "Impulse Approximation" 
(Refs. *®*°), Zunanéié**) has obtained the following expression 


for the three-body cross section: 


cm 
13 1 
pera ste Sg ech aye fF 
d*o k ( , a Fidbiar Is |w(ps)] x phase-space factor 
e [2.3] 
where k is a constant. 
d*o is the three-particle cross-section for outgoing 


particles ending in an infinitesimal region of 
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do ict stds ; / artis: 
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The velocity View may be calculated from momentum conservation in 
the lower vertex. The term \w(Bs) |? in expression (2.3) gives the 
gross behaviour of the three-particle cross-section for a peripheral 
process, because this represents the probability distribution for 
the momentum of particle t" in the target. In this model the 
reaction proceeds as if it were a free two-body reaction but with 
an initial velocity spread of the struck particles t". 

The various limitations in applying the peripheral model to 
three-particle final state reactions can be enumerated as: the 
requirement that the incident energy be large compared to the 
reduced binding energy of particle t" in the target, the condition 
that the final velocity of particles 1 and 2 relative to t' be 


sufficiently large so that they escape quickly from the sphere of 
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influence of t', and finally, that the incident particle b should 
not interact strongly with the core t' while striking the particle 
eae 

In nuclear physics, this model can be applied to knockout 
reactions at energies above 100 MeV, by using the extrapolation 
procedure suggested by Chew and Low?°) which overcomes many of the 
limitations of this model. Eq. (2.3) enables us to extract rather 
important two-body parameters from three-body cross sections that 
are otherwise inaccessible; e.g., do/d® for a two-body collision 
for the cases where t" is unstable and hence the conventional 
methods cannot be applied. Another useful quantity is the form 
factor |¥(p3)|2. In complicated composite systems, such as most 
nuclei but the lightest ones, w(x) represents only that component 
of the total wave function which describes the virtual disintegra- 
tion of the target t into particle t" and core t'. When the 
target does not behave as a loosely bound system of t' and t", 
\v(p3)|2 and the corresponding enhancement of the three-particle 
cross-section is small, which gives important clues to our under- 
standing of the nuclear wave function. Finally, studies of the 
binding energies of nucleons in different shells of nuclei are 
made possible by the quasi-free scattering process which knocks a 
nucleon out from theinterior of the nucleus without giving the 


latter time to rearrange itself. 
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2.3 Sequential Decay 


In the case of short-lived systems (systems with a lifetime 
comparable to the transit time of a low energy proton through a 
light nucleus) the term "sequential" implies that the distribu- 
tion of events within the available phase-space is not random, 
but is modulated by the interactions among pairs of components 


of the final state. Consider the reaction: 


b+t-+1+ (2+3) 
2+3 [2.4] 


where b and t are incident and target nuclei respectively, 
and 1, 2 and 3 are the particles in the final state. 

Here the system (2 +3) is short lived. The reaction will, 
in general, proceed in such a manner that the system (2+3) is left 
with a relative internal energy E,, which corresponds to a 
resonance in the amplitude for the scattering of 2 on 3. In other 
words, the sequential processes are characterized by an intensity 
maximum inthe three-particle cross-section at a particular value 
of the internal energy variable which, in this case, will be the 


relative energy E23: 


E>3 = [mom3/ 2(m.+ms3)] (V2 - V3)? 2eDu 


sf 


saad sttoeupe2 £8 

omttatil 5 dtiw emaseye) emateye bovif-iyore to saso sat al 
6 figuovds notorq ypyene wol 6 to smtd srenst eft at sidstsqno 
-ydixtetb oft tedt zotiqmt "fstineupee" mist odd (zustoun drgt! | 
eimobasy ton 2t s98qe-s2edq afdsitsve oft niddtw etneve to mors 
atnsnoqmos to 2vt6q pnoms 2notiosistnt and yd betsfubom ef dud 
snotsosey oft vabtenod .osste fentt oft Fo . 


(€48) + f«s +d 
[p.S] E+ s 


wfovitosqzey tefoun topyst brs Jnebtont eye 3 bas ¢ stanw 
-otet2 fantt edt at 2sfotiveq ent ays € bas S .f bas - 

.fTiw nottosoy sdT .bovtl trode 2t (€+S) meszye sft svet 
trol 2t (€+S) masaye srt tedt-ventem 5 dave nt bess01q ,fsteneg nt 
& ot ebnoqaarvoo datdw oJ yorane [énistnt svitele1 6 dsiw 
vetto nl .£ no S to enttesss.e sis vot sbusifqms ond af somsnoesy 
vttenstnt ns yd bestrystosiedo 916 es22sn01g Istinsupse sat .»2bt0w 
sulsv ‘sfuotiveq 6 36 nolyose-22015 gtotiqayanends sdi nt mumixem 
ofz od [fiw .s269 ett ni .dotdw sidsivsv yprsas fsovetat ond to 


tesa YpTSNS ovitsien 


f2.s} S(eV-4¥) [lem+ om) S \emem] = 953 


If (2 +3) is a sufficiently long-lived system such that the 
probability of decay during the time that 1 and (2 +3) are 
separated by distance comparable to the range of nuclear forces 
is small, then the decay of the system (2+3) will essentially 
be independent of 1 and the decay process of the recoiling 
system will depend entirely on the properties of the intermediate 
State; i.e. the angular distribution of the decay will be deter- 
mined by the angular momentum of the state and the branching ratio 
for the decay to the various internal states of 2 and 3 will 
depend upon the internal structure of the recoiling system. 

The formation and subsequent decay of a meta-stable system in 
nuclear physics can be explained analogously to the excitation of 
an atomic or molecular state by electron impact and its subsequent 
decay by the emission of a photon?®). The following expression?°) 
can be applied very well for the reaction given in eq. (2.4): 


dE> 5 


ee aS eee (2.61 


(Zags AE)? + : 


where the (2 +3) system decays from the state x to the final 
state f and AE is the energy difference between the centre 


of the excited state x and the final state f. 


if 
Also, ee is the relative probability for the decay of the 


excited state x to the final state f; 


E,3 is the relative energy of the (2+3) system; 
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T is the total width of the resonance (2 +3) which is 
assumed to be small; 
and dog is the differential cross section for the process 
b+t-+1+ (2 +3), ignoring the subsequent break-up 
of (2+3). 

Equation (2.6) shows the dependence of the three-body cross 
section on the relative energy E,, of 2 and 3 as revealed by the 
energy spectrum of 1. However, particle decaying states are usually a 
few orders of magnitude wider as compared to the gamma decaying 
states; this may give rise to important differences in shape and 
position of the resonance as observed under different conditions. 
This is due to the energy dependence of the widths [ and Dey 
which are in general not negligible in the case of nuclear 
reactions. Since a width © is a product of an energy-independent 
reduced width and a penetration factor, such effects are particu- 
larly noticeable when penetration factors are fast varying. For 
example, in the Coulomb penetration factors at low energies which 
generally are increasing functions of energy, a two-body resonance 
would produce a peak in the three-particle cross section at a 
value of E,;, which is somewhat lower than the corresponding peak 
energy of the isolated two-body cross section. Another important 
point to notice is that for two-body elastic scattering, the 
potential scattering amplitude must be added to the resonance 
scattering amplitude. Especially when the Coulomb scattering is 


important, the interference term may violently change the shape of 
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the two-body elastic scattering cross-section in the resonance 
region. A classical example of the use of this theory is the 
deduction by Werntz*!) of the existence, energy, and spin of the 
first excited state of the a-particle from the t(d,pn)t 
experiment of Lefevre et al.22). In this case the resonance in 
the t-p system was deduced from the neutron energy spectrum. 

The initial direct process is a (d,n) rearrangement collision 
leaving the proton and triton in a resonant state. The wave 
function of the resonant t-p system was deduced from the neutron 
energy spectrum. The wave function of the resonant t-p system 
differs from a bound state wave function in that it has differ- 
ent boundary conditions. Asymptotically, it is the direct 
product of a triton wave function with a proton wave function, 
which has plane waves superimposed on ingoing spherical waves. 
One of the partial waves in this wave funciton is assumed to be 
resonant, and the resonance parameters are determined by curve 
AVG: 

Existing experimental evidence has shown that most of the 
multibody final state nuclear reactions induced by low energy 
projectiles proceed to the final state by various sequential 
processes? °). 

Two nucleon systems, namely, pn, nn and pp belong to an 


exceptional case, where the two-body cross-section does not 
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exhibit a proper resonance and yet the three-particle reaction may 
be considered to be approximately sequential, when the intermediate 
system is in a relative s-state at a very low energy. Their decay 
is certainly not exponential, thus they do not possess a uniquely 
defined lifetime. However, one may well consider the average time 
they spend together, as a function of their relative energy. 

Since their relative position is uncertain within their relative 


wavelength, this time may be defined as: 
tT = vo (r+7+5) en 


where v and k are the relative velocity and wave number, 
respectively, r is the range of the nuclear interaction, and 

6 is the nuclear phase shift. In the effective range approximation, 
6 is given by k cot6 = - i+ 5 ro k*, Thus one may compute the 
average lifetime of two nucleon systems. One finds that in the 
interesting low energy region, it is indeed long compared to 10-72 
sec. (the time taken by 10 MeV protons to traverse an *°0 nuclear 
radius) and in general is also long compared to the time spent by 
the third particle in traversing the distance r + c In this 
sense, one may consider reactions involving the formation of the 
two-nucleon system at a low relative energy, as quasi-sequential. 
In such cases it is customary to speak of final state interactions 


rather than intermediate systems. 
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2.4 Final State Interactions 


Final state interactions (f.s.i.) are important since they may 
modify the observed energy spectra and angular distributions without 
playing any part in the primary production mechanism. In order to 
have a calculable effect for the f.s.i., three general conditions 
must be satisfied, namely, i) the primary reaction should be a 
short range interaction, ii) the f.s.i. is to be considered for 
low relative energies of the particles involved, and iii) it must 
be strong and attractive. 

The existing experimental evidence shows that the cross section 
for three-body interactions depends on the relative energies of the 
pairs of interacting particles and appears to be independent of 
the momentum transfer type variables which characterize the produc- 
tion amplitude. Such a dependence allows us to deal separately with 
the primary interaction (i.e. the production process) and the f.s.i. 
between the pairs of interacting particles, which is quite useful in 
that the two processes can be studied separately by varying the 
momentum transfer variable and relative energy. 

The theory of final state interactions depends on the assumption 
of successive independent interactions. This assumption is valid if 
the lifetime of the final state two-particle system is sufficiently 
long for its decay not to be influenced by the presence of the third 
particle. In reactions involving nucleons, the 'so interaction of 


two nucleons can produce a virtual state which approximately satisfies 
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this requirement. Such a state is not a Breit-Wigner type of 
resonance and is not an exponentially decaying state. For example, 
in a p-n system, the *s, phase shift has a rapid increase at about 
70 keV p-n relative energy. A rapidly increasing phase shift may 
be interpreted as a time delay*°®) and the lifetime may be so 
defined. This leads to a pole in the scattering amplitude for 


such states, which has the form 


] 
rare 
Kel * ! (3) 


where Ke] is the relative momentum of the two interacting 
nucleons and a is the scattering length of the effective 
range theory?”?). Since this expression has a maximum at zero 
relative energy, the interaction is sometimes referred to as 
a zero-energy resonance. 

The earlier remark about f.s.i. being strong and attractive 
is supported by a time-reversal argument introduced by Watson? ®) 
who proposed that a f.s.i. causes the three-body cross section 
to have the same energy dependence as the elastic scattering cross 
section of the two relevant particles. He considered the reaction 
to proceed backwards in time. If two of the particles interact and 
stick together for awhile, then there is a relatively higher 
probability for the three particles to be found in the primary 


interaction volume and undergo the inverse primary reaction. 
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The probability that the two particles interact is given by their 
differential cross section; by detailed balancing, the three 
body reaction cross section is just proportional to this cross 


section times a production amplitude and phase-space factors, i.e. 
dig = dq oq" times other factors [2.8] 


where q is the small relative momentum of the two particles 

and one is their scattering cross section for the relative 
momentum q. d°*q is a factor in the volume of phase-space into 
which the reaction proceeds. q is supposed to be small enough so 
that ve arises only from s-wave scattering. For q*2=0, the q 
dependence of the "other factors" in eq. (2.8) can be neglected, 


leaving only that of 


d3q ay Sardq asi 84 [2.9] 
where Sq is the s-wave phase-shift for the scattering at relative 
momentum q- When sin*6, becomes of the order of unity (which occurs 
for values of q_ such that 2 is still large compared to the range 
of the primary interaction) a strong correlation in the emission 

of the interacting particles will result which can be described by 
eq. (2.9). This equation then gives a means of measuring Oo from 

an observation of the reaction cross section. 


A general form of the cross section enhancement factor may be 
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derived by means of the factored wave function method??). The 


transition matrix element can be written as 


gape Sh \T| Wa? 3 [2.10] 
Instead of the usual final state consisting of plane waves 

for the three particles, a state consisting of plane waves for 

the non-interacting particle and for the c.m. of the remaining 

pair may be substituted; the relative motion of the interacting 

pair (labelled 1 and 2) is then described by the Schrodinger 

wave function w calculated with the potential U for relative 


. ste =e Se ° . e 
momentum q and separation r = Y,-Y2. This implies the 


substitution 
bp a x(71) x(%2) x(73) vs x(¥%3) X(T ith2) W(qsti - re) (2.04 
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Since <i), |T| Wa? is only large inside the production region, 


w(q,0) may be factored out; 
<bp[Tlvs> = (G0) <p, [To “|y,> [2.12] 


where 70) is the production matrix element. Thus |W(q,0)|? is 
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the enhancement factor. This result can be formally obtained 

using the Lippmann-Schwinger formalism as described by Gillespie®°). 
Watson*®) used his own model to derive an expression for the 
enhancement factor. 

Fermi?+) first suggested a normalization to the enhancement 
factor by taking the ratio of the wave function y(q,0) to the wave 
function corresponding to a zero phase-shift evaluated at a radius 
equal to the range of the interaction. This result can be 
explicitly derived in potential theory by means of the Jost function 
formalism32). 

In Watson's model, y(q) is assumed to have the same momentum 
dependence as its asymptotic form. The asymptotic wave function 


for s-wave continuum states is given by 


-i6 |. 
w(ksr) = eect Le f2eica 
lf 


and in the effective range approximation the phase shift 6 is 


given by 
kcots = -tely x [2.14] 
a,224° ; 
Where r, is the effective range; thus at low energies 
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for k Yo << 1. The first term of this expansion is the scatter- 
ing amplitude which is the cross section enhancement factor. 


Following the Fermi rule for normalization: 


Me ges Go 
(ksro) @ sina FI ) [2.16] 
v0) (kr) sin k Yo 


Solving eq. (2.14) for 6 one gets 
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and squaring, we get the enhancement factor: 
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For the p-p interaction??-%*) Coulomb repulsion has to be 
included to give the corresponding expression for the enhance- 


ment factor: 
E 23 Set as ae eg 2.19 
pp q pel: ‘ 
24 oe (a-7 tok? + h(n) 


e2 
where c2 = em yb save 


-yattece sit 2t nofensgxo 2tdd to mad tevit oT .f >> ot a 10? 


[at.$] 


[vf.$] 


(81.S] 


[ert .S] 


Aofost dnameonsins notsoe2 2201 add et dot sbudtToms ent 


-sottestfsmron vot ofuy fine? edt patwolto4 


af 


(2 +f) ante 9 7 
ot A ne ( oe mon 


p" 
atep ano d tot (MI.S) =ps paty Foe 
(han gee- ye (analy 
SAC" ot eg) tO) : (ort) Oy 
:-yoiD6t Inomesnsdne sit top ow .onhysupe2 bis 


“(34 ax gte- ok) 
“(34 ot e-g) #8 


ed ot 26d notetuqey dmofuod (**s**notsosistnt q-q oft 107 


-gonsine ont yt noteesraxs pntbnagesivos ot avip oF bsbufont 


-yosost Inom 


“(Cd Le ie atte) 


ga ee * age 


((n)d rae o7 ea) 5 SySo 


23 


H 2 
me2 


and Blatt®°>), m and e are the mass and charge of the proton, 


Comer and h(n) is a function evaluated by Jackson 


and v is the relative velocity of the p-p system. 
Gillespie and others*®) have reviewed a more formal treatment 
of f.s.i. theory. They show that for s-wave interactions 
qi . 
Wker) = grap [#(-k)e TET ~ £(k)e YY [2.20] 


where f(k) may be related to the S-matrix by S(k) = a 


A consideration of the boundary condition at large r then yields 


the enhancement factor 
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Jost and Kohn?”) have shown f(-k) to be identical to the 
Fredholm determinant, which can be shown to be the D-function 


of the dispersion relations. Jost function formalism gives 


sree ce) [2.22] 
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The enhancement factor becomes 


2 [BR (ot +k?) ]? 
GF ae lo, lees eres 


2 diee Ut 2 
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f(-k) 


which is identical to the expression (2.18), since 


Faercd poopie Br 
Qo s(n ere : b2.24) 


The parameters a and r, are shown in this theory to arise 

from the use of the pole approximation in S-matrix theory. This 

yields an effective-range type parametrization and enables the 

enhancement factor to be approximated by the scattering amplitude. 
A more general but exact treatment of f.s.i. has been 

given by Phillips, Griffy and Biedenharn®*®), using the general- 


ized density-of-states function in the continuum. The reaction 
atA+D*>b+B 2o25°| 


for sharp states B has been treated by the perturbation theory 


to yield the differential cross section for particle b, 


oa TE ‘A+ 
dE, du, an? Fk, : » E,[H'| a, E>| p(E,) [2.26] 


where H' is the interaction Hamiltonian for eq. (2.25) and 
|A + a, E,> and |B + b, E,> represent the initial and final 


state vectors, respectively. Kk, and ky are initial and final 
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wave numbers, whereas, 0 (E, ) is thegeneralized density-of-states 


function for sharp states B with eigenenergies E,: 
p(E,) = 28(E-E,) [2.27] 
n 


If B is not a sharp state, but is a virtual or resonant 


state which decays further into two particles 
Bic 40 [2.28] 


then the generalized density of states (eq. 2.26) for sharp 
states must be replaced by that for a semistable particle B. 

The generalized density of states function enables the scattering 
to be described in terms of the experimental phase shifts for 
scattering of the final state particles and no knowledge of the 
inter-particle interaction is required. In the resonant scatter- 
ing approximation, the generalized density-of-states method gives 
the same amplitude as obtained using the resonant-pole inter- 
mediate state method, provided the sum is taken over all possible 


alternate semi-stable states of B. 


2.5 Rescattering or Proximity Scattering Process 


At low energies, the quasifree process shown in fig. 1b is 
not of importance. The processes represented in figs. la, lc 
and 1d combined together, essentially constitute the Watson-Migdal 


model?*,28) , Fig. lc represents the sequential decay in which 
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particle 1 and (2+3) as a resonance R, are emitted when the 
incident particle b strikes the target nucleus t. R then 
decays after a time delay characteristic of the width of this 
resonance into particles 2 and 3. 

Subsequent to this reaction, fig. le corresponds to a 
second order refinement or correction where particles 2 and 1] 
can further rescatter, in general elastically, giving rise to an 
enhancement in the cross section. This is a perfectly valid 
physical process and a complete mathematical formulation has 
been given by Aitchison and Kacser*). An outline of this 
formalism is described below. 

a) Kinematics: 


Let us consider the reaction 
b+t+w+s+1+2+ 3 [2.29] 


where the particles have masses mo» Ms m;, M. and m3; and w is 
the total invariant mass in the over-all centre-of-mass system. 
Ignoring the momentum transfer type variables, the usual relativ- 
istic variables used to describe the three-body final state are 
given by 
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and similarly for t and u, so that 


sttt+u = w? + m2 + mo? + ms? i2e314 


where c = 1. 
In order to study the allowed physical region for fixed 
W?, with W>m, + m. + m3, consider the ( 12 ) c.m. frame, in 
which the initial system (b + t) = W has three-momentum p , 
s 


as has particle 3, while particles 1 and 2 have momenta q 


and -q, respectively. Then in the non-relativistic (N.R.) 


limit 
p> > 2 m3 M23 (Q-Ei2) /me [2.32] 
ds eci(apeeao fees 
t > W? +m,?-2E, E, + 2 pq cos 0 [2.34] 
where 
Q = (W-m)-m2- ms) c? [2.35] 
Mio3 = my, + Mz + m3 
my = my +m, 
and Way = a 


from (2.32) and (2.33), we get a relation between p and q: 
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The boundary of the allowed region occurs when all three 
particles have collinear momenta in the ( 12 ) c.m. system, or 
equivalently, in the overall c.m. system. The equation of the 


boundary curve, in the N.R. limit is 


[Mo3 Mio (Ei2 + Eo3)-Q mos; m2] 
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Solving for Ei2 in terms of E23 
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In order to derive the kinematics of the "Rescattering 
Conditions", consider the intermediate process R+1' + 3 + 
2' + 1' in fig. le. In the over-all c.m. system, if 1'2' 
rescattering is to occur, the velocity we, of 2 must be 
parallel to v';, and also v', > v';. But if v', is parallel 
to V',, it follows that p,, p2' and p; are all collinear. 
This implies that a necessary condition for the rescattering 
is that B,4 po' and p3; correspond to a point on the boundary 
of the phase space. 


In the N.R. limit, this condition can be expressed in terms 
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Of E1:'2' and Eo'3. Defining Qn 23 = (m, -m2 e m3 ) O74 Eo'3 will 


be given by Eg:3 > Qp,o3° Then using eq. (2.38). 


auer. 2ms QReza,> , ,2(Q-Qp,23)m,.,2.]7 
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Equation (2.39) can also be derived more directly!2). Each term 
has a physical significance: namely, the square roots are 
precisely the velocities of particles 2 and 1, respectively, 
before rescattering, in the rest frame of ( 23 ) resonance. 
This equation is a necessary condition, in that it is needed 
to ensure that v.' and v,' are collinear. In order that they 
will also be parallel, as opposed to antiparallel, only the 
smaller of the two values of E,;:2: is suitable. However, the 
final necessary condition is v.' > v,;'s which requires the 
first square root in eq. (2.39) to be larger than the second. 
Therefore, the necessary and sufficient condition in the N.R. 


limit for 1'2' rescattering is 
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The above are the necessary and sufficient conditions of the 
intermediate state 1'2'3 so that 1' and 2' will rescatter. 

For a given 23 resonance mass Mps there is a unique value of 
Ei+2: before rescattering and particle 3 has a unique speed 
in the overall c.m. system, but in an arbitrary direction. In 


the rescattering, energy and momentum are conserved, i.e. 
> > 
Eat) Eo = Pak pease oe © Bi + Po =“ pi ii pot 


Hence S is unchanged in the rescattering and therefore Ei2 = 
E1'2'3; i.e. the energy of relative motion of 1 and 2 -- the 
excitation energy of the ( 12 ) system -- is unchanged in the 
final rescattering and is given by eq. (2.41). However, in the 
rescattering, the ultimately observed particles 1 and 2 can 
travel in arbitrary directions compatible with energy and 
momentum conservation. 

From eq. (2.41), one can find the interval of bombarding 
energies ED where rescattering of particles 1 and 2 is 
possible for the given masses and an excitation energy E23 


in the ( 23 ) system. The lower limit for E., (EBLL) is given 


by 


where Q= Q +e oP Mt 
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[2.42] 
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Qi is the Q-value for the reaction b+t+1+RandQ.,, 


E23. The upper limit on ED (EBUL) is given by 
Ero “=~ 0 [2.43] 


b) Non-relativistic matrix elements 

It is convenient to carry out the calculations in a 
system where fi = c = 1 and to use the energy momentum four- 
iL 
2 


vector convention P = (p, Pry) with Tey al ie a (p2 + m2)2. 


The three body cross-section?) can be written as 


i IM|- P(+ yb » a 2 
do (on)* Pp é* (P; + Pr + Ps Py Da 


d*p, d’p, dp, 

—l oe 2.44 

(2n)® (2n)® (2n)? ous 
in which the normalization of Veltman?°) has been used. The 


matrix element M is composed of two parts 


where Mp represents the matrix element for the sequential decay 
shown in fig. Ic, and My? that for the proximity scattering shown 
in fig. le. The cross section of interest for comparison with 

: , do ; A 
experimental data is, however, @, dt, de> which can be derived 
by integrating eq. (2.44) over all unobserved quantities in the 


N.R. approximation: 
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do _ MY Mb _ mmm, Py” Pa [2.45] 


dQ; dQ. dE, (27) 2 Ph M3 py? -m, (Pp, °Bs) 


Considering only s-waves in each of the vertices A, B and 
C, (neglecting any momentum dependence) gj and gp can be taken 
as coupling constants for vertices A and B, respectively. Mp 
can be written as 
: 4 
i(27) Jp Gn 1 


(ho sree gp Sse [2.46] 
(2E,2E,2E12E22E3)? Pp? -m)? 


where R is a virtual state with a finite lifetime and there- 
fore, Mp is complex, i.e. 
[2.47] 
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in which Mm, is the real mass of R,TI is the full width at 
half maxima of the decaying state of the intermediate nucleus 
and t , its average lifetime. 

Mp contributes a resonance-like structure corresponding 


to a Breit-Wigner distribution. 


Pp? = (E,+Es)” - (By+Bs)° 
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Furthermore, from the requirement that R decays within 


the time interval Tt = i; Jp can be written as 
os on? 5 2 “ 
fe = (32n* (mz+m3) T /Qp,03) 


The matrix element for rescattering vertex C can be 


written as 


ae In 9B Ic | d-Pr 
l 
(2E,2E .2E,2E,2E,)% / (Pp? - mp?) (P17 - m,7) (Po? - ma) 


where See the coupling constant for vertex C, can be written 


as 


gp Set ts 32m U2 Ae 
: l+y re as?’ q?- i aq 


S ve 


Here, a2" and re’ are the scattering lengths and effective 
ranges for the singlet and triplet states of the deuteron, 


respectively. It is reasonable to assume a purely statistical 


distribution of the two possible spin states of the n-p system, 


namely a 25% admixture of the singlet state and 75% of the 
triplet state. 

The integral in eq. (2.49) has been solved by Aitchison 
and Kacser*), in the N.R. limit, giving the following 


expression 
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The singularities of Ma, arise where either the numerator or the 
denominator of the argument of the logarithm vanishes. 
Eq. (2.51) has also been rewritten in the following two 


equivalent forms: 
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The meaning of the terms Is> ys Ps and Py will be discussed 
in the following section. 
Substituting Mp and M, in eq. (2.45), one can obtain the 


desired cross section in the following form: 


EEN ee | eee 
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where 6,, $15 925 $2 and E, are the usual kinematics chosen 

for the "complete" experiments. The magnitude of Dp determines 
the absolute intensity with which the sequential decay occurs 
via resonance R. Through comparison with experimental data, 


the value of In is chosen to reproduce the intensity in the 
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principal line peak correctly. If only relative cross sections 
are measured, the magnitude of or remains undetermined. 

Fitting the data with theory will then give the value of TI, 
the only undetermined quantity, thereby providing a method for 
deriving short lifetimes. 

c) Discussion of Dalitz plots 

Fig. 2 shows the boundary of the allowed E,; vs £,. plots; 
these are known as Dalitz plots. These plots are very useful 
in understanding the physical aspects of the process. On such 
a plot, the resonance ( 23 ) system will show up as a concen- 
tration of events about a vertical line centered on E23 = Qn.23 
provided the total energy is high enough for the resonance to 


be produced. In fig. 2(a),the incident energy is not sufficient 


to produce the ({ 23 ) resonance, hence there is no effect at all. 


Fig. 2 (b) represents the case where the rescattering condition 
(2.40) is satisfied, the line E,; = Qn, 3 being to the right of 
the point b. 

Of the two values of E;2, namely E,,. and E,,, given by 
the points S and N, respectively, only the one at S permits 
rescattering, whereas EL oN corresponds to the particles 1 and 
2 being anti-parallel to each other. 

dc> Gy» Ps and Py are, then, given by the values of q 
and p corresponding to the points S and N respectively. My 
in eq. (2.51a) becomes infinite, logarithmically, for q = qc, 


since p = Po when q = Is: Therefore, if the total energy and 
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Dalitz plots showing the N.R. kinematic conditions for 
rescattering for various bombarding energies Eb. The 
relevant arc is bc in each case. a) Ep is below the 
threshold for R; b) Eb is satisfactory for real rescat- 
tering corresponding to point S, leading to the shaded 
band corresponding to Es.The width of (23) resonance is 
indicated by T; c) &, is too large. 
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masses of the resonance and of the particles are such that a 
resonance line E,3; intersects the lower right hand arc of the 
Dalitz plot, then the amplitude will show a logarithmic enhance- 
ment in q near the point of intersection, due to MA: Because 
this singularity is near the physical region, a rapid variation 
in the amplitude should be observable. 

In fig. 2 (c) , the incident energy is too high, there- 
fore the E,;, line crosses the Dalitz plot on the lower left hand 
corner where the rescattering condition (2.40) is not satisfied, 
i.e. the velocity v,' is not greater than V,'. Hence, no 
proximity scattering is possible in this case. 

The width of the intermediate resonance, I, also plays an 
important role in this process. From fig. 2, one can see that 
line E23 has a spread corresponding to the width T of the 
resonance. If IF is large, there will be a large uncertainty in 
the spread in Qs: Physically a large T means a short lifetime 
for the resonance, so it will, presumably, not move far from the 
production vertex before it decays (hence the name "proximity 
scattering"). So, by the uncertainty principle, there is a large 
spread of momenta associated with its decay products, and hence a 
large spread of possible configurations in which the rescattering 
is kinematically allowed. This corresponds exactly to inter- 
secting the Dalitz plot with a "woolly" E23 line. If the width 
is small, there will essentially be only one unique configuration 


of particles in the final state for which the rescattering is 
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allowed -- and this corresponds to an intersection of the 
boundary by a sharp E23 line. Consequently the logarithmic 
singularity is expected to be sharply defined. On the other 
hand, we see from the formula for My (eqs. 2.49, 2.51a) that Gp» 
which has a rt dependence, multiplies the log function -- and 
this is easily understandable, because if the lifetime is very 
long (T small) the resonance will not decay at all. Thus for 
small T the probability of rescattering will also be very small. 
Finally, remarks about the factors not considered in the 
above formalism are in order. All the time we have assumed only 
s-waves. Another simplification lies in the fact that the 
particles have been considered as spinless. For a general case 
of particles with spin, polarization vectors must enter, suitably 
coupled with momenta which give rise to both angular factors 
and angular momentum barrier factors. Hence Dp changes from a 
constant to a well defined and fairly straight forward function 
of three-momenta of the particles 2 and 3, and the various 
polarization vectors. However, these assumptions do not 
significantly affect our results*). Lastly, the effects 
long-range forces, such as those associated with the Coulomb 


interaction, have been neglected. 
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CHAPTER 3 
EXPERIMENTAL APPARATUS AND PROCEDURES 


3.1 Incident Beam 


The incident deuteron beam for this study was provided by the 


University of Alberta 7.5 MeV CN van de Graaff Accelerator. 


3.2 Scattering Chamber 


A 24" diameter stainless steel scattering chamber consisting 
of a 1" thick base plate and a bell jar was designed and fabricated 
for this study. A target mount capable of holding three targets 
was attached to a pillar passing through a 2" diameter port at the 
centre of the base plate. The vertical and horizontal position of 
the target as well as its angle to the incident beam could be 
remotely controlled and read out using a digital voltmeter. A 
lucite flange with vacuum tight BNC-feedthrough connectors was 
screwed onto a 4" diameter recess in the base plate. Coaxial cables 
were connected through these connectors to supply the detector bias 
as well as for the output pulses from the solid state detectors. 
Such a flange was helpful in grounding the cables only in the control 
room where the rest of the circuitry was located, thereby reducing 
the high frequency noise pickup. 

The beam was collected by a gold lined, brass Faraday cup, - 


in diameter and 6" long. This cup was screwed onto the base plate 
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at 0° and was electrically insulated from it. Cooling to the cup 
was supplied by circulating air in the copper tubing soldered to 
its walls. A negatively biased guard ring was provided to suppress 
the secondary electrons from the Faraday cup. The current integra- 


tor input was taken from a lead attached to the cup. 


3.3 Detector 27-Positioning Mechanism 


Fig. 3 shows a photograph of the scattering chamber and the 
2m-positioning mechanism for the solid state detectors. By means 
of this mechanism, a detector could be placed at any angle either 
in the horizontal or in the azimuthal plane with an accuracy of 
Q. lee 

This mechanism was supplied by Ortec and was a modification of 
their Model 648, especially fabricated to fit into our scattering 


chamber. It consisted of an aluminum ring (5 thick with a 20 5 
0.D.) mounted on three pillars rigidly attached to the base plate 
at 45°, 107.5° and 180° respectively. The pillar at 180° had a 

2" diameter hole through which the beam could pass. An inner 
aluminum ring was suspended by means of nylon wheels which could 
move in a tapered grove on the inner surface of the outer ring. 
The movement of this inner ring was controlled by a motor-drive 
and it was capable of rotating from 0° to 360° in the horizontal 
plane. A semicircular arc was fixed to the upper surface of the 


inner ring and a motor truck assembly could move along this arc by 


means of another motor-drive with an elevation range of O° to 90°. 
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A detector holder with a set of collimators was attached to this 
motor truck assembly so that in any position of elevation, the 
detector was always pointing towards the centre of the target. 

The drive motors could be operated through a remote control 
unit supplied with the 2m-positioning mechanism. This unit 
essentially consisted of two individual units in one chassis with 
a common pulse generator. The drive motors were driven with square 
wave pulses from the pulse generator. The output from the pulse 
generators was amplified by two identical dc amplifiers which drove 
the motors with 30 v pulses. The speed of the drive motor was 
determined by the generator frequency. The mechanical registers 
were advanced or retarded by pulses generated from a contact wheel 


located on each motor assembly. 


3.4 Targets 


Self supporting targets were made in the laboratory by 
evaporation. Silicon targets for the (d,np) reaction were fabri- 
cated by evaporating Sid. powder onto the glass slides on which 
a very thin layer of NaCl was deposited in a prior evaporation. 
As Silicon has a very high melting point, a rather high current 
(~ 200 amperes) was applied to a Tantalum boat containing Sil, 
powder. Some Ta from the boat also evaporated, which proved 
rather helpful because the (d,d) elastically scattered peaks 
from Ta could be used for the energy calibration of the charged 


particles. 
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The same method was followed in preparing carbon targets, 
except that the e-gun was used to disintegrate a piece of natural 
carbon (abundances: 98.982% !2C, 1.108% !3C). 

After evaporation, these targets were floated off the glass 
plates by slowly and carefully immersing them into a tub of water 
in an inclined position; subsequently they were picked up on a 
metal frame. The thickness of these targets was estimated to be 


approximately 100 ugm/cm’. 


For the ’Li(d,a)an experiment, two kinds of targets were made. 


The first kind were obtained by evaporating a thin layer of Li F 
Onto an aluminum foil approximately 170 ugm/cm? thick, while the 
second type were made by the in situ evaporation of ’Li metal on 
a carbon backing. 

The 13C targets with 95.7% isotopic enrichment were supplied 
by Penn Spectra-Tech, Inc. of Wallingford, Pa., U.S.A. Thickness 
of these targets were 75 and 150 ugm/cm?. 

Thin deuterated polyethelene foils were supplied by Micro 
Matter Co. of Seattle, Washington, U.S.A. This foil was bombarded 
by 4 MeV deuterons to provide n-*He coincident pairs used to set 
up the electronics for coincidences between neutrons and charged 


particles. 


3.5 Detectors 


a) The charged particle detector used for most of the runs for 


the !2C(d,np)!2C reaction was an Ortec - 130 surface barrier 
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detector-preamplifier timing system which is optimized for both 
energy and time resolution. Two distinctly different outputs -- 
the timing and energy signals -- are provided on separate output 
connectors for independent processing. Alpha resolution of this 
detector was <20 keV FWHM, whereas the timing resolution was <250 
psec FWHM for a fast light-pulse generator calibrated to an 
energy of 5.47 MeV. 

The detector was attached to a detector holder assembly and 
was placed at a distance of 5" from the target. A set of two 
circular Ta collimators (front: 5 in diameter, back: a in 
diameter) separated from each other by 2" was placed in front of 
the detector and served as a telescope to eliminate detection of 
particles scattered from points other than the beam spot. The 
back collimator defined the solid angle subtended at the centre 
of the target. 

To study the Lit+td+n+ata reaction, two thin solid 
state surface barrier detectors were used. One of the detectors 
was attached to the positioning mechanism while the other was 


mounted on the top of a pillar attached to the base plate. The 


experimental set up for this experiment is shown in fig. 4. 


b) During some of the initial runs on the *C(d,np)1C reaction 
as well as while studying the 7°Si(d,np)?°Si reaction a 1,000 y 
thick totally depleted surface barrier detector was used. An 


Ortec - 113A preamplifier was used for the energy pulses whereas 
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a fast low noise preamplifier®?) was used to derive the timing 


Signal. 


c) The neutrons were detected by a Ne 213 liquid scintillator, 
ay in diameter and 2" in depth, mounted onto an RCA 8854 photo- 
multiplier tube assembly. A 2" thick lead shielding was placed 
inside the scattering chamber in such a manner that it minimized 
the detection of neutrons and gamma rays incident on the detector 
from directions other than directly from the target. The 

typical distance of the neutron detector was 45 cm from the centre 
of the target. The detector was mounted on a remotely controlled 
trolly and its distance as well as angle could be varied and 
accurately determined by means of a digital voltmeter located in 
the control room. Experimental set up for the (d,np) experiments 


is shown in fig. 9. 


3.6 Detector Efficiencies 


The detection efficiency of the charged particle detectors 
and their associated circuitry was taken as 100%. 

The neutron detectors not only have low efficiency, but also 
their efficiency varies drastically at neutron energies below 
1] MeV. Since the shape of the detection efficiency versus neutron 
energy curve is particularly sensitive to the detector bias 
setting at neutron energies close to the counter threshold, an 
accurate measurement of the threshold setting is of great 


importance. 
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The lower threshold of the neutron detector was carefully 
measured, and checked before and after the runs, using the 
Standard electronics configuration. The technique is discussed 
in detail, elsewhere*®). The typical value of the threshold 
corresponded to ~ 250 keV proton energy. 

The efficiency versus neutron energy curve for a Ne 213 
scintillator given by Lindstrom et al.*!) very closely matched 
Our experimental conditions. This curve was then used to correct 


our data for the neutron detector efficiency. 


3.7. Pulse Shape Discrimination (PSD) 


Neutrons and gamma rays produce light scintillation in 
Organic scintillators with significantly different decay char- 
acteristics't?). This difference in pulse shape is utilized to 
distinguish between gammas and neutrons, thereby reducing the 
background due to gamma rays in the detector without substantially 
lowering the neutron detector efficiency. 

Pulse shape discrimination was done by comparing the time 
difference between fast leading edge trigger and cross over time 
of the pulse obtained from a double delay line shaping amplifier 


(see fig. 6)- 


Sec) UIrculery 


A typical block diagram of the circuitry used to study the 


(d,np) reaction is shown in fig. 6. The deuteron beam was incident 
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on the **C target and the neutrons and protons were detected by 
a Ne 213 scintillator and a solid state detector, respectively. 

Slow pulses from the Ortec - 130 surface barrier detector 
and preamplifier assembly were fed into a Canberra 1411 double 
delay line clipped amplifier. The bipolar output of this 
amplifier was divided into two parts. Part one: after being 
suitably delayed in an Ortec 427 delay amplifier, was sent to 
analog-to-digital converter A (ADCA); part two: was fed into 
a timing single channel analyzer (TSCA, Ortec - 420), where 
the appropriate energy interval of protons was selected. The 
Output of this TSCA, after passing through a gate and delay 
generator (G & D, Ortec - 416), was sent to terminal A of the 
universal coincidence unit (Ortec - 418). 

Fast pulses from the Ortec - 130 were used as the input to 
an Ortec - 454 timing filter amplifier, the output of which was 
fed to an Ortec - 453 constant fraction timing discriminator 
(CFTD). The lower threshold was set in the 453 to eliminate 
noise and the walk was properly adjusted. The output of this 
CFTD was delayed by 300 ns and then used as the stop pulse for 
a time-to-amplitude converter (TAC 1, Ortec 437A). 

The anode and eleventh dynode outputs from the photo- 
multiplier tube coupled to the neutron detector were fed into a 
constant fraction pulse height trigger**) (CFPHT) which provides 
the optimum time resolution with a scintillator photomultiplier 


system over a 100:1 dynamic range. The residual walk over the 
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same pulse height range is within + 120 psec, whereas the lower 
threshold is variable from 0.8 mA to 10 mA on the anode pulse 
height. The input to CFTD #2 was taken from CFPHT, and its 
output was used to start the TAC #1, the output of which (the 
time spectrum pulse) after going through a delay amplifier 
(Ortec - 427) went to another analog-to-digital converter (ADCB). 
The window on the time spectrum was suitably selected by a TSCA 
(Ortec - 455), the output of which was fed to terminal B of the 
universal coincident unit (Ortec - 418). 

The neutron energy pulse was taken from dynode 14 of the 
photomultiplier tube and after passing through a preamplifier 
(Ortec 113) went to a delay line amplifier (Ortec 460). After 
proper shaping and amplification, the bipolar output of this 
amplifier was divided into two parts; one part was used for PSD 
whereas the other part was used for energy selection by means of 
a TSCA (Ortec - 455). The output of this single channel analyser 
went to another universal coincident unit (#2) which was used for 
slow-fast coincidences. The fast pulse came from CFTD #2. The 
output of universal coincidence unit #2 was fed to the terminal D 
of the coincidence unit #1, and terminal C was connected to the 
output from the PSD circuit. 

The four way coincidence output of unit #1 was then fed into 
the gate and delay generator #2 (Ortec - 416), and its output was 
used aS a gating pulse for ADCA and ADCB. Finally, the signals 
from ADCA and ADCB were read into a Honeywell DDP-516 computer 
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where they were stored in a two-dimensional array of 128 x 128 
channels. 

To study the ’Li(d,a)an reaction, two solid state detectors 
were used to detect the alpha particles and the circuitry was 
modified accordingly. Coincident events were determined using 
fast signals from the detectors to start and stop a TAC. The 
TSCA was set around the time region of interest and the output 
from this was used to open gates through which the energy signals 
from the detectors were routed. The events were stored in the 


computer in a two-dimensional array of 128 x 192 channels. 


3.9 Computers 


A Honeywell DDP-516 computer was used for on-line data 
acquisition. The data were processed using the IBM 360/67, 


SDS-920 and Digital - PDP8/e computers. 
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CHAPTER 4 
INVESTIGATION OF PROXIMITY SCATTERING 


4.1 The ’Li(d.n) *Be*1¢. ¢3(a) a Reaction 


a) Introduction 

The first study of the reaction ’Li(d,na)a was reported by 
Valkovic et al.'*). They performed the measurements, at deuteron 
bombarding energies EY = 3.0, 3.2 and 3.6 MeV, in an effort to 
look for proximity scattering between the neutron and an alpha 
particle being emitted by the resonant °Be system. The alpha 
particles were detected in coincidence at the laboratory angle 
settings of 8; = 30° and 62 = 140° with respect to the beam 
direction. 

There is also a possibility of neutron-alpha particle rescatter- 
ing in the 7Li+d+a+oa+n reaction. In this case the reaction 
will proceed as 7Li +d +a + °He*¥;¢77a+n+a. Fig. 7 shows 
the energy level diagrams for ®Be and °He systems. Valkovic et al. 
looked for rescattering between the first emitted alpha particle and 
the neutron emitted from the decay of 16.7 MeV state in °He. The 
experiment was performed at an incident deuteron energy EY = 5.9 MeV 
and angle settings oe = 40°, ee = 110°. From the measured a-a 
coincidence spectra they concluded, in both of the above cases, 


that the contribution due to rescattering effect was insignificant. 
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However, in a subsequent study of the reaction by Thiévent 
et al.!*) at incident energies between 2.07 and 2.25 MeV, the 
results showed a clear dependence of the proximity scattering on 
the incident deuteron energy. The data reported by these authors 
at 2.07 and 2.09 MeV deuteron energies are shown in fig. 8, and 
contain a rather large enhancement from the proximity scattering 
which is very different from that seen in n-prescattering results. 
In the latter, the rescattering runs over a wide range of p-!2C 
relative energies (E,12¢)3 this spread is related to the widths of 
the resonant states in the p + 12C system. In view of the implica- 
tions which "strong" rescattering effects attributed to proximity 
scattering in the ’Li + d reaction may have on the analysis of the 
data in the !2C + d and *°Ca + d reactions, further verification 


of n-a rescattering was undertaken as a part of the present study. 


b) Experiment 

The experimental set up has been described in Chapter 3 and 
is shown in fig. 4. Because of the large variation, due to angle 
and energy dependence, of the position on the kinematic locus where 
one would expect to see rescattering events, it was necessary to 
take a number of precautions. To ensure that spreading due to 
finite angle acceptance would not disperse rescattering events 
appreciably, the angular acceptance of both detectors was restricted 
to + 0.5° in the rescattering plane, and + 1.5° in the azimuthal 


direction. The beam energy calibration was checked by a measurement 
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The 2.07 and 2.09 MeV data of Thiévent et al./3) for 
the ’Li(d,na)a reaction. The arrows indicate the 
expected positions of the peaks corresponding to the 
decay of the g.s. of °He and to the 'centre' of the 
proximity scattering (P.S.) enhancement. The hori- 
zontal lines have been added to suggest the extent 
of the expected enhancement due to the width of the 
°Be (16.63) state. 
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of the 1.8806 MeV threshold of the ’Li(p,n)’Be reaction which is very 
close to the energies used in this experiment. This resulted in a 
determination of the absolute beam energy to an accuracy of 2 keV. 
Close to the threshold for rescattering, the relative energy Buy 
varies very rapidly as a function of the incident beam energy as 
shown in fig. 9. It was thus necessary to know very accurately the 
incident deuteron energy spread due to finite target thickness. This 
was determined for the LiF target by measurement of the resonance at 
EY = 1348 keV in the reaction !°F(p,ay)!®0, which is known to have a 
width T < 6 keV. These measurements were made using a technique 
described elsewhere**). The resultant yield curve showed that the 
energy loss for 1.3 MeV protons in the LiF target was about 6 keV, 
which corresponds to about 7 keV for the 1.9 - 2.1 MeV deuterons used 
in the rescattering measurements. Target thickness of the second 
target (’Li target) used was continuously monitored while the in situ 
evaporation took place during incident beam bombardment of the carbon 
foil. In terms of the total deuteron energy loss, the final ’Li 
thickness was of the same order as that of the LiF target. Both 
targets gave the same results for the ’Li(d,na)a reaction. In 
addition, they both contained '°0 as an impurity. The significance 


of '£0 contamination will be discussed in section 4.1 (d). 


The width of the time region in which real events occurred was 
about 20 nsec. This was due mainly to the difference in flight times 


of the alpha particles. This fundamental limitation on the deter- 
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The variation of the rescattering energy, Eresc, with 


incident particle bombarding energy, Epomp, for the 


7Li(d,na)a reaction. 


Curves 2, 1 and 3 correspond to 


the °Be (Ep = (i603 )/Stabeseepgani) 2ecand Cpe) 2 


resonance energies respectively. 
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mination of the simultaneity of events resulted in a small but 
important contribution due to weaitdental events. Separate runs 
were taken with a time window placed around a region away from 
the real time peak and the contributions due to accidentals deter- 
mined. The importance of the results obtained is also described in 
section 4.1 (d). 

Calibration of both energy axes was performed by recording 
Singles energy spectra for the ’Li(d,a)°He and the '°F(d,a)?70 
reactions at a number of angles and from the ’Li(d,na)a kinematic 


locus itself. 


c) Results 

The kinematic locus for the reaction d + 7Li+a+a+n for 
a deuteron bombarding energy of 2.07 MeV and detector angle settings 
Be = 120°% J = 45° is shown in fig. 10. The positions where 
enhancement, due to relevant states in the mass 5 (°He) and mass 8 
(®Be) systems, would be expected, are also indicated on this figure. 
The large decay widths of these states result in a spreading of the 
enhancement along the kinematic locus; each area shown encloses the 
section of the locus where the relative energy of the particular 
resonant particle is within the range ER tell / 2s ER being the energy 
of the resonance and I the particle decay width. The positions at 
which proximity scattering would occur in the "classical" approach 
for an intermediate state of 16.63 MeV in the °Be system are also 
indicated. 


Because rescattering can occur between either of the alpha 
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particles and the neutron, there are four points on the kinematic 
locus at which the relative energy in the neutron-alpha system, 


Ex, tS.equal to-£ 


a Each of these points, labelled a to d 


resc’ 
in fig. 10, may be characterized by (i) the C.M. angle of the 
neutron emitted in the ’Li(d,n)®Be* reaction before the rescatter- 
ing and (ii) the "effective C.M." scattering angle of the rescat- 
tered a-particle with respect to the n(a,a)n proximity scattering 
process. Locations a and b correspond to the same value of the 
former angle (in this case approximately 50°), but different 

values of the latter (in this case almost 180° for a and 0° for 
b). Similarly, locations c and d correspond respectively to 

the approximate angles (130°, 0°) and (130°, 180°). 

The data for EY = 2.07 MeV are shown in fig. 11 as projections 
onto the EA, and EN axes. The spectra are seen to be dominated by 
the sequential decays through the °He ground state and the 16.63 
MeV state in ®°Be. 

The region where one may expect proximity scattering is 
reproduced, for the 2.07 MeV data and for measurements made at 
incident deuteron energies of 2.08 and 2.09 MeV, on an enlarged 
scale in fig. 12. Only the two regions where proximity scattering 
occurs well removed from the ®Be resonance (positions a and d of 
fig. 10) are shown in this figure. Data are plotted as a function 
of EAA and have been projected perpendicularly to the kinematic 
locus. The expected positions for rescattering from the centroid 


of the 16.63 MeV level are marked by arrows. The horizontal lines 
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Figure 11 The ’Li(d,na)a cross section at Eg = 2.07 MeV shown as 
projections onto the a; and a, energy axes. The cut- 
offs at each upper end are not true experimental cut- 
offs but merely reflect an arbitrary exclusion of data 
irrelevant to the figure. Peaks due to °He (g.s.) and 
®Be (16.63) dominate both projections. 
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Geese) 


have been drawn to suggest the range of values of Sate 


over which the proximity scattering may be expected when the 


no 


finite width of the ®Be (16.63) state is taken into account 
(see fig. 9). 

The lower limit on the incident deuteron energy for which 
proximity scattering is possible in the ’Li + d reaction is 
2.061 MeV if one takes E,, to be the centroid of the 16.63 MeV 
level (see eq. 2.42). The lower limit is however decreased when 
one considers the width of the °Be resonance, as can be seen 
from fig. 8. Measurements have been made at incident energies 
of 2.05 and 1.90 MeV to obtain a line shape for the °He resonance 
which could not be affected by rescattering. (Actually, at 2.05 
MeV some proximity scattering via the "low energy end" of the 
16.63 MeV state is possible, but one would expect a greatly 
reduced effect. At 1.90 MeV the rescattering would be negligible.) 
The results of these measurements for ae = 120° and as = 45° are 
shown in fig. 13. To allow comparisons to be made between line 
shapes for the peak at 1.90 MeV and at high energies, a Monte Carlo 
simulation was used to fit a Breit-Wigner resonance shape plus 
linear background to the 1.90 MeV data. The same resonance para- 
meters were then used to predict the shapes to be expected at the 
higher energies. The resultant shapes for 1.90, 2.05, 2.07, 2.08 
and 2.09 MeV are shown, together with the measured spectra, in 


fig. 14. It is evident that all the spectra are well reproduced 


in this manner. 
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Ba, = 120° Ey = 2.09MeV 


CROSS SECTION (ARBITRARY UNITS) 


20 15 1.0 0.5 
RELATIVE ENERGY Ena, (MeV) RELATIVE ENERGY Eng, (MeV) 


Figure 14 The data of figs. 12 and 13. The same Breit-Wigner 


resonance shape (plus linear background) has been 
fitted to the °He state in each case. 


VeMdOS+ 3 


CHOZ2 ZECLIOM | WERILK WEA NMite) 


Vem OR bs F 


——— F 
zg or 4 oT et 


(VaM) op? YORIMA Svakis. Coan YORIW3 SVITAIIA 


~troxd omse oT £1 a ST .2ptt to st6b onT 
esd (bavoy bay jane He uta) a en * gonenoeet 
92 eist2 or bedstt 


67 


In order to search for rescattering effects at positions b 
and c in fig. 10, measurements were made at angles ie tod bie 
oy = 40° and an incident deuteron energy of 2.10 MeV. At these 
angles, the °Be (16.63 MeV) resonance is no longer kinematically 
allowed. Projections of events from this kinematic locus are 


shown in fig. 15, and again the positions where proximity scatter- 


ing is allowed classically are shown. 


d) Discussion 

It is evident from figs. 8 and 12 that the effect in the 
previous data!?) attributed to proximity scattering does not 
appear in the present measurements. There could be several reasons 
why one would not observe these effects. 


The rapid variation of E with incident beam energy, as 


resc 
shown in fig. 9, demands an accurate knowledge of both the incident 
beam energy and the spread in energy due to target thickness. 

These have, however, been carefully measured in the present case 
and should not appreciably smear out any effect. 

Dispersion of the rescattering events due to finite angular 
acceptance could also be expected, but with acceptance of 1° in 
each detector a broadening of six channels for the data shown in 
fig. 12 is expected. 

As discussed in section 4.1 (b) above, considerable smearing 
is to be expected due to the finite width of the 16.63 MeV state 
in ®Be. The width of the 16.63 MeV state is 0.097 + 0.011 MeV**). 


Fig. 9 shows that rescattering contributions must be expected over 
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E, =2.10 MeV 


Ena, (MeV) 


Data near the expected rescattering locations from 
regions c (upper) and b (lower) of fig. 9 at Eg = 
2.10 MeV. The arrows mark the positions at which 
proximity scattering may occur. (Horizontal lines, 
as in figs. 8, 12 and 13, could have been drawn on 
this figure also.) 
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a range of Ena relative energies of about 600 keV. This width is 
considerably greater than that of the enhancement shown in the 
data of Thiévent et al.'%). 

As mentioned in section 4.1 (b), separate runs were made to 
record "accidental" coincidence spectra, and appropriate subtrac- 
tions were made. It is of some interest to note that accidental 
events are to be expected (with reference to fig. 10) both in 
horizontal and vertical "lines" due to "singles" rates from 
*60(d,pi)'70 and ’Li(d,a)*°He respectively. The "crossover" of 
accidental coincidence lines shown near position d in fig. 10 also 
Occurs very near to position a. In the latter case, the singles 
reactions are !®0(d,0.) and '*C(d,po) in the vertical direction 
and ’Li(d,a)°He in the horizontal direction. Such lines were seen 
in the present experiment (along with others due to such reactions 
as’**0(dJp,)*70, +2C(d,po)?°C;, etc.). Since these particular 
accidental lines cross in the vicinity of the “He and proximity 
scattering locations on the kinematic locus, their subtraction is 
clearly important. Thiévent et al.**) did not subtract accidental 
coincidences in spite of the reported presence of *°0. 

Sweeney et al.’°) also repeated this experiment and have been 


unable to confirm the results reported by Thiévent et al.’*). 


4.2 The BCC Gy Muon eC )iaac Reaction 


a) Introduction 
The first investigation of proximity scattering in the 


12¢(d,np)!2C reaction was reported by Lang et al.*). They reported 
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the results of their measurements for one incident deuteron energy 


EY = 5.39 MeV and angle settings OaD nea 90°, %np = O55 0 stande30>, 


p 
Another study of the *°Ca(d,np)*°Ca reaction was reported by Lassen 


10 = = = ° 
ebraleiis) Yat Ey 5.8 MeV and for 0, ey 70° and onp between 


O° and 42.2°. These measurements appear to support the theoretical 
predictions of Aitchison and Kacser’). 

Both experiments have been performed at only one bombarding 
energy. The observed enhancement may not necessarily be due to 
proximity scattering because one should note that the corresponding 
relative energy in the n-p system is very close to the energy of 
the T = 1 resonance in the neutron-proton system. It was suggested 
by Phillips!!-+2) that although the formation of this virtual 
deuteron resonance is isospin forbidden, an admixture of T = 0 state 
and T = 1 virtual states of the deuteron could, however, produce 
such an effect. 

Figure 16 shows the two spectra for the !*C(d,np)!2C reaction; 
one is measured by Lang et al.*) whereas the other is taken by 
Phillips!!»*°). The former shows the enhancement as an extended 
shoulder to the sequential peak, while in the latter case a sharp 
peak attributed to the n-p final state interaction occurs at 
50 keV n-p relative energy. Hence, there is a strong contradiction 
in the shape of the measured energy spectra. 

As no conclusive evidence of the observance of proximity 
scattering exists to date, the present search for the presence (or 


absence) of rescattering in the *C(d,np)**C reaction was undertaken. 
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Energy level diagrams for }3C, }3N and ?"N systems are shown 
in fig. 17. The doublet at 3.51 - 3.56 MeV excitation energies in 
13N decays by proton emission and is about 1.6 MeV above the 
threshold for decay (as this doublet can not be resolved in this 
experiment, it will be referred to as the 3.5 MeV level in further 
discussion ). Therefore energy of emitted protons is above the 
threshold for experimental measurements. As this level is well 
separated from neighbouring levels, no interference from other 
levels is expected to contribute to the measured spectra. Also, 
the known widths of levels in this doublet (T, ., = 63 + 5 keV; 
ae = 74 kev" 6) ) are neither very large nor very small; they 
meet the criteria discussed in Chapter 2. These considerations 
along with the fact that the cross sections for the (d,n) reaction and 
the sequential decay process are large, make this reaction suitable 


for investigation of proximity scattering. 


b) Experiment 

Details of the (d,np) experiments have been discussed in 
Chapter 3 and an experimental set up is shown in fig. 5. 

Data events were stored in a 128 x 128 channel array, one 
variable being the neutron time-of-flight, the other proton 
energy. The small background due to accidental coincidences has 
been subtracted channel by channel from the experimental data. 

To facilitate analysis of the data, events on the kinematic locus 


have been projected onto the proton energy axis. 
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c) Results and discussion 

i) Energy dependence 

As discussed in Chapter 2 (eq. 2.41) the n-p rescattering energy 
Enp? is a function of the bombarding energy for a given reaction. 
Experimentally, an enhancement for a range of values of Ep is 
expected to be observed for a given bombarding energy, E.: However, 
for a different incident energy Eb # EW the range of relative 
energies of the n-p system changes. Thus, the only way to distinguish 
the rescattering effect from the contribution of known or unknown 
resonances is to observe a change in the relative energies at which 
the anomaly appears with a change in the bombarding energy. Fig. 18 
shows the n-p relative energy in the rescattering process as a 
function of the deuteron bombarding energy. 

Data have been obtained at angular settings of che = 6. = 90°, 


p 
= 0°; and at the incident deuteron energies EY a ap Ah oa ee Ae 


®np 
and 6.25 MeV, respectively, and are shown in fig. 19. Typical error- 
bars are shown in each spectrum. As can be seen from the 5.2, 5.4 
and 5.75 MeV data, the proximity scattering hump moves towards lower 
n-p relative energy, aS we go up in bombarding energy. The relative 
energy is marked on a separate scale in this figure. The rescatter- 
ing energy has been calculated in each case using eq. (2.41) and it 
corresponds to 74, 39 and 7 keV for 5.2, 5.4 and 5.75 MeV bombarding 
energies, respectively. Positions where the levels in **N* and 1°C* 


may contribute, are also marked by arrows. Their significance will 


be discussed later on. 
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’C(d,np) Cc 


3.51 MeV 


13,,° 
N3'56 MeV 


ISN) 


4.4 31,0) 5.6 6.2 
Ey (MeV) 


The variation of the n-p rescattering energy, 

with incident deuteron energy, Eq for the ese 
12¢(d,np)'?C. Solid and dashed curves correspond to 
the 3.51 and 3.56 MeV states of )°N* respectively. 
Arrows show the upper and the lower limits on Eg for 
the occurance of proximity scattering. 
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The present data for the SaCloRniny 6 Recc tioned eye 
5.2, 5.4, 5.75 and 6.25 MeV; 8 = Sp = 90°, np Sears 
shown as projections onto the proton energy axis. Large 
peak is due to the sequential decay of '?N*. Positions 
of sequential peaks due to '?C* and ‘*N* are shown by 
arrows. Solid curve is calculated from Aitchison and 
Kacser's*) formalism of proximity scattering. 
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Another set of data has been obtained at EY =55, |505.2oeand 
5.4 MeV and at angular settings of Oral Bae Fs = 90° and np =a) 
and is shown in fig. 20. Significance of these data will be brought 
out while discussing the effect of the n-p final state interaction. 
However, it may be pointed out that the proximity scattering 
enhancement, again, follows the proper energy dependence. Calcula- 
ted values of the rescattering energy are 95, 62 and 39 keV, respec- 
tively, corresponding to bombarding deuteron energies of 5.1, 5.26 
and 5.4 MeV. 

The upper and lower limits on the bombarding energy for which 
the conditions of proximity scattering are met, can be calculated 
from eqs. (2.42) and (2.43) and are marked in fig. 18. For this 
reaction the upper limit is calculated to be 6.05 MeV, taking ER 
as the centroid of the level in '3N*; if the resonance energy is 
taken as Ep ne NU aes EF comes out to be ~6.1 MeV. In other words, 
above 6.1 MeV bombarding energy the proximity scattering is 
kinematically disallowed. To test this criteria, measurements were 


done at EY = 6.25 MeV and angular settings of 6, = = 90°, np = 


°p 
0°; and are also shown in fig. 19. There was no change in the 
experimental conditions during all four measurements shown in this 
figure. It is quite evident that these data agree with the predic- 
ted shape. 

The curves shown by solid lines in fig. 19 (and in subsequent 


figures) have been obtained from the theoretical calculations 


using Aitchison and Kacser's formalism discussed in Chapter 2 (for 
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point geometry). The values of scattering parameters used in these 


calculations are given below‘? ) 


a. (singlet scattering length) - 23.7146 fm , 


a, (triplet scattering length) 5.43 fm , 


Oe (singlet effective range) 2.76 fm , and 


ee (triplet effective range) fee Ou ttiies 


As stated in Chapter 2 (eq. 2.52), I is the only variable 
quantity in the expression for the cross section. The line shape 
of the sequential peak in the present data seems to fit well with 
the predicted shape, if rT = 80 keV is used as the width of the 
3.5 MeV doublet in ?3N. 

ii) Azimuthal angular dependence 


If the n-p relative energy, EY » is plotted versus E,-12¢? the 


p 
relative energy in p-!2C system, for Ey = 5-4 MeV and a 85 = 90°, 
¢np = O°, 10°, 20°, 30°; the» diagram will look like a series of 


Dalitz plots, one each for a value of Onp: Aitchison®) in his talk 
at the Brela Conference showed that the enhancement due to proximity 
scattering is maximum at dnp = 0°, i.e., when both the detectors are 
in the same plane. For higher values of %np? this enhancement de- 


creases. At np = 30°, the proximity scattering bump should disappear 


(because Ep is above the shaded band in fig. 2b). A measurement performed 


at 6 = 6. = 90°, hata = 35° and at an incident deuteron energy Ey = 
n 


p 
5.4 MeV is shown in fig. 21. For the sake of comparison the data 


for ®np = 0° are also shown. One can see that the results of these 
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Comparison of the data at Eq = 5.4 MeV; 6m = Gp = 90° 
for np = 0° and 35°. 
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measurements are in good agreement with the theoretical predictions. 

iii) Contribution from other resonances 

A level at 2.38 MeV excitation in *°N* can also decay by 
proton emission. It is, however, expected to give a peak at 
E, = 0.25 MeV and thus, does not interfere with the present results. 
The protons emitted from this level have lower energy than that of 
the previously emitted neutrons and hence, do not satisfy the 
conditions of proximity scattering. 

The reaction can also proceed as: !*C(d,p)?°C*(n)!2C. From 
the energy level diagram for *°C shown in fig. 16, one can see that 
the 6.86 MeV level can contribute to the measured spectra. From 
figs. 18 and 19 it is evident that the only spectrum where it gives 
its contribution is the one taken at EY = 6.25 MeV. In all other 
cases the peak due to this process lies at very low proton energies. 
This peak in the 6.25 MeV data is also not very significant. 

Natural carbon which contains about 1% of ‘°C was used for 
making the targets. Fig. 17 shows that a number of levels at about 
8.9 MeV excitation energy in ‘*N lie in the region corresponding 
to 3.5 MeV excitation in +3N. These levels in !*N* also can decay 
by proton emission via the reaction '%C(d,n)!*N*(p)?3C. The regions 
where events from the !3C(d,np)!?C reaction occur have been marked 
in figs. 19 to 21. In order to assess the contribution due to this 
reaction, separate runs were taken using self-supporting thin *°C 
targets, under conditions similar to the **C runs. 


The measured spectra for the *°C + d reaction taken at Bape 


_anotiotbexg Tsottevosds ont rtiw tagmserys boop at ove evnemaiwenem 

2sonsnoesy tadto moyt notgudinsnod (rir 

yd Yeoab o2fe nso *°* ni. noftetioxs vam 8e.$ te fovel A. 
js dbaqg 6 svtp oF batosgxs . TeveWorl cat SI .nofeotme nosong 
_asfuzet dasesiq ott ttw ovetistnt ton 290b . eudd bas VeM 28.0 = q? 
to Jedd noid yprsds tswol svsd fevel ets mort basitms enosorg odT 
alt ytettse Jon ob .ganenl bre onoizuen bedtime yleuotverq sat 
-pntistisoe yitmrxorg To enottibnos 

mov? .2°*(n)*O**(qeb)d** 226 beaso1g o2fs a69 notsosaT oT 
tert s92 nso ono .af .ptt nf nwode 9°* 0 msipstb fevel yprsne oft 
nov] .sys2eqe ba wesom ont of studtydios nso favel Vom 38.2 orld 
2evip 3f stow muvtosqe yfno oft Sed tnebtve ef tf Of bas BT .2ort 
yaito [fs ni .VoM eS.0 = ,3 $6 noxss sno att 2t notdudtisnoo 2st 
.zatpians nosoyg wol yYsv t6 2srl 22e90%q etd og: sub Aseq efit 29289 
tnsotttapt2 yiev ton o2ls ef steb Vom oS. one of issq 2raT 

yot bez 2ew 2°! Yo RI dueds entssdnoo dotdw nodiso Is wisi 
tuods $6 2fevel to vadmun 6 tedt ewore VI .pt .etepyss ont pnidem 
pnibnogesvioo notpsy oft nt arf W*’ ni yoyens notisttoxs Vem 0.8 
Ysoeb so ozs *H"! nt efsvel seoiT .W°! nt nofsedioxs VaM ¢.€ o9 
enorpey SAT OE ECGIAA™ (reba notdose% sdt sty nofzetme notorg yd 
bsdiem aged ave W990 noktosen 3°! (qn.b)9*! sdt moyvt 2tneve severe 
2tit of sub notsudtytioa silt 229226 ot voby0 nl AS of ef 2Qtt at 
§! ntdd patdroqque-tlee pnteu nated svew any stsieqse .norsose7 
anu 9°! ont ot Yeflimie enot#tbnos tabw .2teptsd 

=.2 ts neast notsossy b + 0° oft wot avtzeqe bewesem ont 


5.4 and 6.25 MeV and angular settings ea = "90>, np =0°,; are 


%p 
shown in fig. 22. These data were normalized to a unit charge of 

the incident beam and their contribution to the “C + d spectra was 
determined. The amount of '°C in the '*C target was determined by 
taking singles spectra for the **C(d,p)?*C reaction and obtaining 
counts for the same peak in the two measurements; +°C contamination 
was verified to be ~1%. The factor f by which the counts in spectra 


shown in fig. 22 should be divided to estimate the !°C contribution 


to the measured proximity scattering spectra is given by: 


ie 
¢ <= charge for ~°C run an 
charge for !?C run 


and resulted in the values of f = 7.3, 15.5 for the bombarding 
energies EY = 5.4 and 6.25 MeV, respectively. Thus, one can see 
from fig. 22 and figs. 19 to 21 that the contribution due to /°C 
contamination is insignificant. 

iv) Role of n-p final state interactions 

As stated in section 4.2 (a), n-p f.s.i. could also give an 
enhancement at low n-p relative energies. Experimental evidence 
regarding violation of isospin selection rules can be divided into 
two categories. 

Class one deals with positive evidence for isospin forbidden 
peaks. Von Witsch et al.*®) studied the d+ d+d+p +n reaction 


at E, = 11, 12 and 13 MeV. Their data contained a strong peak in 
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The present results for the *?C(d,np)**C reaction 


at EY = 5.4 and 6.25 MeV; co = 85 = 90°, emp =. 0°, 
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the kinematic region near E_ = 0, which was difficult to explain. 


pn 
However, they interpreted their results by taking this peak as 
evidence for some of the p-n system being formed in the isospin- 
forbidden "singlet deuteron" state. Calculations based on this 
assumption did not give good fits to the data, but required a 
Singlet:triplet mixing in the ratio 1:2 to qualitatively reproduce 
the observed enhancement. 

In another study reported by Smith et al.°°), similar isospin 
mixing in the compound system *N has been used to explain the large 
cross section for the !2C(d.a)?°B (1.74 MeV, T = 1) reaction which 
is also isospin forbidden. 

The second category of experiments where no evidence of 
isospin mixing has been found iS mentioned below. A study of the 
reaction d + a > *He + p + n done at EY = 24 MeV by Assimakopoulos 
et al.°*) has_ shown no evidence of singlet-triplet mixing 
in the p-n final state. Good theoretical fits to the data were 
obtained by assuming a pure triplet interaction and an upper limit 
of 3% was placed on the possible singlet admixture. 

Measurements made by von Witsch et ale?) of the reaction 
ee RS *Lig.s. 
isospin mixing. No qualitative upper limit could be set due to 


+ ptn at EY = 10 MeV show no evidence for 


the presence of other f.s.i.'s in the same kinematic region. They 
further suggested that the effects observed in ref. 48 might not 
be due to the isospin-forbidden “So p-n interaction, but are 


possibly due to some interference effects. In a rather conclusive 
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study on the °Li(d,pn)*Li reaction performed at E, = 21 MeV by 
Braithwaite et al.°°*), it has been shown that there is a complete 
isospin separation of the p-n interaction. The strong p-n final 
state enhancement observed near Eon = Q had isospin T = 1 when 
the reaction proceeded through the 3.56 MeV (T = 1) state of the 
residual nucleus, “Li. An upper limit of 2% was placed on the 


*So (T = 1) contribution to the triplet spectra (for °Li and 


es: 
*Li2.igs both T = 0) and an upper limit of 10% was oes on the 
°s1 (T = 0) contribution to the singlet spectra. 

Thus on the existing evidence, one cannot catagorically reject 
sequential decay through a T = 1 deuteron virtual state as an 
explanation for the enhancement in the present data, although it 
would seem very improbable. Hence an effort was made to clearly 
distinguish the role of p-n final state interactions from proximity 
scattering, in present measurements. 

The first step taken to achieve the above objective was to 
select a suitable angular setting so that Ep = 0 does not lie 
on the kinematic locus. In order to be able to detect the rescat- 
tering effect in the lab. system, one has to choose a pair of angles 
such that there is at least one point on the E, versus E, plot 
(kinematic locus) which corresponds to the excitation energy of Enp 
in the intermediate n-p system. Or looking at the Dalitz plot 
(fig. 2 (b)), the choice of the angles should be such that the 


boundary of the Dalitz plot should cross the rescattering band. 


This condition was satisfied with the angular setting Oe rks hoe, 
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8, = 90°, onp = 0°. The lowest n-p relative energy possible with 


this setting was ~21 keV for bombarding energies between 5.1 and 


5.4 MeV. Whereas, proximity scattering amplitude remains unchanged 


with this choice of angles, the Watson-Migdal prediction shows 
a reduction by a third in the amplitude for n-p final state 
interactions (maximum enhancement occurs at Enp = 0). Measured 
data for EY = 5.4 MeV and angular settings he ="78°,°6. =490°., 


p 
np = 0° and 6, = 8, = 90°, *np = 0° are shown in fig. 23. No 
apparent change in the proximity scattering amplitude is notice- 
able. Fig. 20 shows the energy dependence of rescattering at 
above angles; this further strengthens the argument that an 
insignificant role is played by p-n final state interactions. 
Another advantage of choosing an unequal pair of angles is to 
eliminate any possible absorption of low energy neutrons in the 
solid state detector and its mount, because it no longer obstructs 
the neutron detector. 

As a second step taken to identify the n-p final state inter- 
action contribution in the present measurements, the 5.4 MeV data 
were fitted with the Briet-Wigner line shape plus a mixture of the 
singlet and triplet states of the deuteron. A Monte-Carlo routine 
was used to simulate the Briet-Wigner shape for the sequential 
peak as well as to calculate the singlet and triplet shapes for 


n-p interaction. Computed values for the triplet were fitted 


with a function T; 


T = at bx + cx? + dx? , 
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Figure 23 Comparison of the data at Eg = 5.4 MeV for angle 
settings 8n = 8p = 90°, dnp = 0° and 6, = 78°, 
Op = 00% dnp = Oise 


87 


S 
3 
q 
VU 
3 
> 


"00+ 40=q8 
"9 on 


mod «SF 
isd ; n 


88 


While the singlet was fitted with a function S; 


12 
> Sosa’ cheb x + c'x2 hud! of —_+—_,— 
BANOS ee At 2 
(x-g)* + 7e 
Best values of the coefficients a, b, c, d and a', b', c', d', 
e' and g were found using a x? program on the SDS-920 computer. 
Finally, the experimental data were fitted with a function, 


FUNCT ; 


2 
FUNCT = AT + BS + ( cE 


(x-G)? + q EA 


and the best values of the coefficients A, B, C, E and G were 
determined. This fit is shown in fig. 24 and represents a <3% 
singlet contribution relative to the triplet. 

As can be seen, the data dO not agree very well with such 
a calculation. This further confirms the belief that proximity 


scattering exists in this reaction. 
4.3 The ?°Si(d,n)?°PZ 5,(p)*°Si Reaction 


This reaction was also studied as _ part of the present 
research. The measurements were performed at bombarding energies 


E, = 4.9 to 5.7 MeV and angular settings ae 85 = 60°, dnp = 0an 


= 0°. Levels at 3.45 and 4.08 excita- 


d 
30 a3 er 48°, Oy ="605, onp 
tion energies in *°P* can also decay by proton emission and their 
sequential peaks appear in the same region where proximity scatter- 
ing due to the 4.34 MeV level is expected to occur. Also, nzG 


contamination was found in all the five targets which were tried. 
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The sequential peak due to '?C contamination shows up quite 


strongly very near to the sequential peak due to ote Thus 


34° 
the presence of these interfering sequential decays made it 
quite difficult to extract any meaningful contribution due to 


proximity scattering. 
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CHAPTER 5 
TRIANGLE SINGULARITIES IN ELEMENTARY PARTICLE PHYSICS 


A brief discussion of rescattering effects in elementary particle 


physics is appropriate here. A typical reaction is 
7 + NS Res at N 


with R corresponding to the N* spin-s wN resonance. Aitchison'®) 
has shown that there is a logrithmic singularity in the amplitude of 
this reaction. He assumed that in the process 7 + N > 7 + N*, the 
initial state is D; , which implies S-state production of the N*. 
The N* + 7N ate is P-wave and the mm rescattering is then a 
pure S-wave. 

This process can be represented by a triengle graph shown in 
fig. 1(e), where b and t refer to 7 and N, 1' and R correspond 
to m and N* the (3,3) nucleon isobar, 2' and 3 refer to 7m and N, 
and 1 and 2 are both 7's. N* is taken as a spinless particle of 
complex mass. In ref. 16, this graph is calculated from a disper- 
sion relation as a function of the mass s_ of the two pions in the 
final state for low values of the overall C.M. system energy W . 
The relation is then analytically continued in W. For a narrow 
range in W, an enhancement of the square of the amplitude is found 


near s = 4 (the pion mass is 1, two pion mass is Ys). The analog- 
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ous enhancement also appears in the W channel near W=R+1, for 
a small range of s only, near s = 4. The prominence of the 
effect depends on the width of R, being closely connected with the 
nearness to the physical region of one of the two logarithmic 
singularities (anamolous thresholds) of the graph: this distance 
increases sharply with the isobar width. The positions of singu- 
larities are interpreted as the phase-space limits for the simul- 
taneous production of states with mass s and R. Aitchison 
concluded that such a "double excitation" process leads to an 
enhancement of the triangle amplitude only if, in general, s and 
R fall in certain narrow ranges. In summary, the effect if obser- 
vable, should show up as a bump in the production process if two pions 
are observed near threshold (s = 4). This is unfortunate because 
the detection of this may prove difficult. 

Good examples of triangle singularities are hard to come by 
in elementary particle physics. This is one reason why it was 
suggested by Aitchison to look for this effect in low energy nuclear 
physics. However, the work of Anisovich and Dakhno®*) is a reason- 
ably good example in which they explain the anomalous behaviour of 
the pion-pion mass distribution at s = 4 ee) in the reactions 
n +p>nt n +n and p+d-> 3He + 2m, by means of triangle 
singularities. The reactions +p-+nt 1 +7 was experimental ly 
investigated by Kirz et al.°°) at incident pion energy E.. = 360 to 


780 MeV. Their data clearly show a bump at E.. = 360, which 
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gradually disappears with the increase in incident energy. Abashian 
et al.'s°®) experimental data for the reaction p + d > *He + 2n 
show that the increase of the double pion production probability 


near the region s~4 disappears at EY > 1300 MeV. 
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CHAPTER 6 
CONCLUSIONS 


The 7Li+d+n+a +a reaction was investigated to verify 
the positive evidence for n-a rescattering reported by Thievent 
et al.**) The measurements were performed at E, = 1.90 to 2.10 
MeV. The data do not show any enhancement due to Proximity 
Scattering. Strong accidental lines due to the "singles" rates 
from the reactions 1°0(d,p)?70, !0(d,a)?"*N, !2C(d,p)?°C and 
7Li(d,a)5He were seen in the vicinity of the positions on the 
kinematic locus where rescattering occurs. The enhancement 
reported in ref. 13 may have been due to these random coincidences. 
The data, after proper subtraction due to randoms, are fitted 
well with a Breit-Wigner line shape plus linear background using 
Monte Carlo simulation. This does not necessarily imply the non- 
existence of proximity scattering. At these low energies, this 
effect must be expected to be greatly smeared out by the width of 
the intermediate ®Be(16.63) MeV state. Experiments performed at 
higher energies where the effect is more localized have, however, 
also failed to show rescattering contribution?!?). 

In the data for the '*C(d,np)!?C reaction, the energy depen- 
dence of the proximity scattering is clearly illustrated at Ey =5.] 
to 5.75 MeV (figs. 19 and 20). The data for By OO ae MeV (fig. 


19) do not show any enhancement; this is in accordance with the 
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theoretical predictions because at EY > 6.1 MeV the proximity 


scattering is kinematically disallowed. At the azimuthal angle 


orp 
this is supported by the data for EY = 5.4 MeV and angle setting 6, = 


> 30°, no contribution due to proximity scattering is expected; 


8, 2 Es ®np = 35° (fig. 21). Finally, possible contributions due to 
the singlet and triplet states of the deuteron are found to be quite 
small. The 5.4 MeV data have been fitted with the Breit-Wigner line 
shape plus a mixture of n-p final state interactions in the 's, and 
sa states. One can see from fig. 24 that the fit is not very good. 
‘Thus, in conclusion, the present measurements on the '7C(d,np'2C 
reaction strongly support the existence of proximity scattering and 
serve to reject alternative explanations of the previous results 
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